[1] Decadal (9-14 year) relations of the northern northeastern Brazil (NEB) rainfall to the sea surface temperature (SST) in the 60°N-30°S oceanic sector and to the global sea level pressure (SLP) anomalies are investigated for the 1871-1991 period. Indices are defined for the precipitation and for the SST anomalies in the tropical North Atlantic (TNA), in the tropical South Atlantic (TSA), and in the eastern equatorial Pacific (T-TNA, T-TSA, and T-NINO indices, respectively). An index is also defined for the SLP anomalies in the North Atlantic Oscillation region (P-NAO index). These indices and the SST and SLP anomaly time series are filtered for the decadal scale using the continuous wavelet transform. The filtered time series are then subjected to the correlation and partial correlation analyses. The results indicate that the decadal variations of the northern NEB rainfall might be independently linked to the Pacific Decadal Oscillation (PDO)/ NAO/TNA decadal relations or to the SST decadal variations in the TSA. This is a new result not discussed before. The northern NEB rainfall linkage to the PDO/NAO/TNA relations is indicative that the relationship of the SLP variations in the NAO region and the NEB rainfall proposed in a work during the 1970s is part of the decadal climate variability that connects the PDO in the tropical Pacific to the NEB rainfall through the Northern Hemisphere extratropical atmosphere. 
Introduction
[2] It is well known that the El Niño -Southern Oscillation (ENSO) in the tropical Pacific is one of the major remote phenomena causing significant climate variations in the northeast Brazil (NEB). The ENSO connection to the NEB climate occurs through the atmospheric circulation in such a way that an El Niño -related drought is attributed to an eastward displaced Walker circulation with anomalous rising motion (enhanced convection) over the eastern equatorial Pacific and sinking motion (inhibited convection) further east over the tropical Atlantic [Hastenrath, 1976; Kousky et al., 1984; Kayano et al., 1988; Halpert, 1987, 1989; Kiladis and Diaz, 1989; Rao and Hada, 1990] . Nearly reversed anomalous patterns of the atmospheric circulation, sea surface temperature (SST), and NEB rainfall are observed during La Niña episodes [Kousky and Ropelewski, 1989] .
[3] Recent studies have found another mode of the SST variability in the Pacific, similar to the ENSO, with significant climate teleconnections but varying at a decadal scale [Nitta and Yamada, 1989; Mantua et al., 1997; Zhang et al., 1998 ] (hereinafter referred to as the Pacific Decadal Oscillation (PDO)). The global SST, sea level pressure (SLP), and wind stress anomaly patterns for the PDO and ENSO modes are similar; however, the PDO pattern for the SST is less equatorially confined in the eastern Pacific and more prominent in the extratropical North Pacific [e.g., . The PDO-related 500 hPa height field for the boreal winter resembles the Pacific/North America (PNA) pattern that was previously identified as a teleconnection pattern from a correlation analysis for 15 winters by Wallace and Gutzler [1981] . In the Atlantic the SLP anomaly structure associated with the PDO mode resembles the North Atlantic Oscillation (NAO) pattern [Mo and Häkkinen, 2001] , which was first identified as a teleconnection pattern by Walker and Bliss [1932] . In this work the high (low) PDO phase will be referred to the SST anomaly pattern characterized by warm (cold) waters in the central and eastern tropical Pacific.
[4] Several authors have shown linkages between the NAO-associated circulations and the tropical Atlantic SST anomalies at the decadal scale Xie and Tanimoto, 1998; Tanimoto and Xie, 1999; Häkkinen and Mo, 2002] . However, for the decadal scale, the dominant SST anomaly pattern in the tropical Atlantic features a cross-equatorial SST anomaly gradient mode (SST gradient mode) [e.g., Mehta, 1998; Mehta and Delworth, 1995; Tourre et al., 1999; Andreoli and Kayano, 2003] . This mode relates hydrostatically to the SLP and wind patterns over the equatorial Atlantic and affects the meridional displacements of the Intertropical Convergence Zone (ITCZ) [Hastenrath and Greischar, 1993; Nobre and Shukla, 1996] . The southward (northward) SST anomaly gradient relates to an anomalously southward (northward) displaced Atlantic ITCZ that leads to a wetter (drier) than normal NEB rainy season [e.g., Hastenrath and Heller, 1977; Moura and Shukla, 1981; Hastenrath and Greischar, 1993; Nobre and Shukla, 1996] .
[5] Earlier studies have associated the NEB rainfall variations with the PNA and NAO patterns [Rao and Brito, 1985; Namias, 1972] . Rao and Brito [1985] , correlating the northern winter geopotential heights at 700 hPa and March rainfall over the NEB, found a correlation pattern similar to the PNA. They interpreted the PNA pattern as a link between the NEB rainfall and the Northern Hemisphere (NH) winter circulation through the ENSO. Namias [1972] related the droughts (floods) in the northern NEB to weakened (strengthened) cyclonic activity in Greenland area and anticyclonic activity in the Azores region, through the associated changes in the subtropical North Atlantic anticyclone and in the northeast trade winds. The circulation anomalies obtained by Namias [1972] resembles the NAO teleconnection pattern.
[6] The results above suggest decadal relations between the PDO and NAO modes and between the NAO mode and the tropical Atlantic SST anomaly modes. How these modes are related to the rainfall variations in the NEB for the decadal scale was not investigated before. So the present work focuses directly on the decadal relations of NEB rainfall to SST variations in the tropical oceans and to global SLP variations using wavelet analysis and correlation and partial correlation techniques.
Data and Methodology
[7] The data used are global monthly SST anomalies and SLP gridded on a 5°by 5°latitude-longitude resolution and the monthly precipitation of Fortaleza (3°47 0 S, 38°32 0 W) over the 1871 -1991 period. The SST data consist of the Kaplan et al. [1998] Strang [1972] .
[8] In addition, monthly precipitation data of 453 rainfall stations in the NEB, all of them located north of 10°S ( Figure 1 ) and $11% of them spanning from 1911 to 1990, are also used. These data, kindly provided by José I. B. de Brito from the Universidade de Campina Grande, were obtained from several sources, including the Superintendência do Desenvolvimento do Nordeste, the Departamento Nacional de Obras contra a Seca, and the Fundação Cearense de Meteorologia e Recursos Hídricos. It is worth mentioning that the 453 rainfall stations, selected from a more numerous data set, are those with at least 30 years of information and with the rainiest 3 months from February to April or from March to May. Before these data are used, they are checked for errors. Monthly standard deviations are calculated for each time series, and any monthly value higher than three standard deviations is replaced by the missing data code. Finally, the monthly rainfall data are used to obtain an area-averaged NEB rainfall index (NEB index) for the 1911 -1990 period.
[9] The analyses using the SST data are constrained to the 60°N-30°S band, mainly because of the sparse data coverage south of 30°S. Monthly anomalies are computed for the SLP time series at each grid point, for Fortaleza precipitation time series as departures from the 1871 -1991 base period means, and for the NEB index from the 1911 -1990 base period means.
[10] The SST indices (averaged SST anomalies) are defined for tropical areas with dominant SST anomaly patterns, which are bounded at 2.5°N, 22.5°N, 67.5°W, and 27.5°W for the TNA (T-TNA index); at 2.5°N, 17.5°S, 32.5°W, and 12.5°E for the TSA (T-TSA index); and at 5°N, 5°S, 150°W, and 90°W for the eastern equatorial Pacific (T-NINO index). The T-NINO index is indeed the SST index in the Niño-3 region. Fortaleza precipitation anomaly time series is used as an index (PRP index) to represent the rainfall variations in the northern NEB. This is justified by the fact that the rainfall variability in this sector has quite homogeneous signature [Kousky and Chu, 1978; Aceituno, 1988; Kayano et al., 1988; Halpert, 1987, 1989; Kane and Trivedi, 1988] . Kane and Trivedi [1988] , using rainfall data for stations in the NEB for the 1915 -1978 period, showed that Fortaleza is positively correlated with the stations located north of 10°S. They found correlations higher than 0.6 for most stations [11] Monthly raw index for the NAO, based on the difference in the SLP between Ponta Delgada, Azores (38°N, 26°W), and Akureyri, Iceland (66°N, 18°W), for the 1874 -1991 period defined by Rogers [1984] and available at http://bprc.mps.ohio-state.edu/gpl/NAO is also used. In the present paper this index is referred to as the P-NAO index. Because of its definition, negative (positive) P-NAO index, or equivalently negative (positive) phase of the NAO, means weakened (strengthened) cyclonic activity in Iceland and anticyclonic activity in the Azores region. Analyses involving the P-NAO index are based on the 1874 -1991 period.
[12] A continuous wavelet transform (CWT) is used as a band-pass filter to isolate the decadal oscillations from the time series and to decompose a time series into a timefrequency space [e.g., Torrence and Compo, 1998 ]. The Morlet wavelet, used here, is a complex exponential modulated by a Gaussian, e iw o h e Àh 2 /2, with h = t/s, where t is the time, s is the wavelet scale, and w 0 is a nondimensional frequency. The computational procedure of the wavelet analysis described by Torrence and Compo [1998] is used here. The wavelet function at each scale s is normalized by s À1/2 to have unit energy, which ensures that the wavelet transform at each scale s is comparable to each other and to the transform of other time series. The wavelet-filtered time series for decadal band (9 -14 years) is obtained from Torrence and Compo [1998, equation (29) ]. Before performing the wavelet analyses, the long-term linear trends are removed from the time series, and the detrended series are normalized by the corresponding standard deviations.
[13] Correlation maps between the PRP index and the SST and SLP anomaly time series are obtained from linear correlation and partial correlation calculations for the decadal scale. Therefore the PRP, P-NAO, and SST indices and the SST and SLP anomaly time series at each grid point are subjected to the filtering procedure. The partial correlation method is used to obtain the decadal relation between the PRP index and the SST and SLP time series while excluding the influences due to the SST indices or to the P-NAO index. The partial correlation between two variables, X 1 and X 3 , while excluding the influences of a third independent variable, X 2 , is defined as [Panofsky and Brier, 1968] 
where r 13 , r 12 , and r 23 are the linear correlations between X 1 and X 3 , between X 1 and X 2 , and between X 2 and X 3 , respectively. In short words, the linear correlation between X 1 and X 2 is referred to as ''X 1 Â X 2 correlation,'' and the partial correlation between X 1 and X 3 without the effects of X 2 is referred to as ''X 1 Â X 3 minus X 2 partial correlation. '' [14] To assess the statistical significance of the correlations, the number of degrees of freedom is estimated using the method of Zhang and Hendon [1997] . The result is approximately 8 degrees of freedom, which is the total number of years in a time series (121 years) divided by 14 years (the maximum period considered for the decadal band). Using the Student's t test, it is found that absolute correlations >0.63 are significant at the 95% confidence level. It is worth noting that this is a local correlation significance test and not a field significance test. Livezey [1995] , discussing this aspect of the significance for the correlation map between the Southern Oscillation index and the 700 hPa heights, showed that 6% of the global area can exceed the 95% confidence level for Student's t test by chance. So, while discussing the correlation maps, only the patterns covering an area larger than 6% of the globe will be considered.
Results

Comparisons Between the NEB and PRP Indices for the 1911 -1990 Period
[15] Figures 2 and 3 show the wavelet analyses of the PRP index (Fortaleza) and of the NEB index (area-averaged precipitation over NEB) during 1911 -1990 . The global wavelet spectrum (GWS) plots of the PRP and NEB indices are displayed in Figures 2b and 3b . It is important to note that the GWS plots of the two indices show similar spectral behavior, which is more conspicuous for the interannual and decadal scales (Figures 2b and 3b) . In fact, both Figure 2b Figure 2a , and therefore the power in this region is not considered in the analysis. Dashed curve in Figure 2b is the 95% confidence level for the GWS, assuming a red noise spectrum.
and Figure 3b exhibit the largest GWS values at the decadal scale, which are significant at the 5% level for the interval from 10 to 13 years and peak approximately at 12 years. The GWS plot for the NEB index shows a secondary peak significant at the 5% level at the interannual scale (from 3 to 4 years). The GWS plot for the PRP index also shows a secondary peak at this scale; however, it is nonsignificant. In addition, both plots show a secondary peak at a multidecadal scale (from 26 to 28 years), which is significant for the PRP index and nonsignificant for the NEB index.
[16] The local wavelet power spectra (power) for the two indices, displayed in time period plots (Figures 2a and 3a) , also show similarities. The strong decadal peaks in the GWS of the NEB and PRP indices are due to the significant (at the 5% level) decadal power observed during the first 20 years and the last 25 years of the 1911 -1990 period. The PRP index shows significant decadal power from 1930 to 1965, whereas the NEB index shows less pronounced decadal power for the same period. The secondary interannual peaks (from 3 to 4 years) in the GWS of the NEB and PRP indices are due to the interannual power observed during the 1911 -1920, 1930 -1945, 1960 -1965, and 1980 -1990 periods. For the scales shorter than 1 year and longer than 25 years the local wavelet power spectra of the PRP and NEB indices show some differences, in such a way that the PRP index contains relatively more power than the NEB index for these scales.
[17] The PRP and NEB indices show the largest GWS values at the decadal scale, which are significant at the 5% level for the interval from 10 to 13 years. So the 9 -14 year band, which comprises this interval of years, is used for the decadal scale. This band explains 3.4% (3.6%) of the total variance of the PRP (NEB) index. Although this percentage seems to be low, it is relative to the total variance of time series without any filter. Since most of the rainfall in the northern NEB is concentrated in the autumn season, time series with one value per year (the autumn values or annual totals) would be equivalent to the low-pass filtered time series for periods longer than 1 year. For the low-pass filtered NEB and PRP indices, the percentage of the total variance contained in the decadal scale is 10%, which seems a reasonable value.
Relations Among the Decadal Indices
[18] The linear correlations among the decadal PRP, SST, and P-NAO indices are given in Table 1 . The PRP index is significantly correlated with all other indices, being positively correlated with the P-NAO and T-TSA indices and negatively correlated with the T-NINO and T-TNA indices (Table 1 ). Significant correlations are also found for the following pairs of indices: T-NINO and T-TNA, T-NINO and P-NAO, and T-TNA and P-NAO. Some of these correlations, although statistically significant, may not represent direct physical connection. These are the cases of the T-NINO Â T-TNA and P-NAO Â PRP correlations.
[19] The significant negative correlation of À0.75 between T-NINO and P-NAO for the decadal scale reinforces previous results on the positive relation between the NAO and ENSO. Gershunov and Barnett [1998] suggested that the PDO modulates the ENSO teleconnections, in such a way that the negative (positive) phase of the NAO occurs during the El Niño (La Niña) events, in particular for those observed during the low (high) phase of the PDO.
[20] The significant T-NINO Â P-NAO (of À0.75), P-NAO Â T-TNA (of À0.77) and T-TNA Â PRP (of À0.66) correlations are indicative of a chain of sequential correlations, which may have physical interpretation. In order to illustrate these correlations the T-NINO, P-NAO, T-TNA, and PRP indices are displayed in Figure 4 . The negative T-NINO Â P-NAO Â T-TNA Â PRP sequential correlations mean that warm (cold) waters in the eastern tropical Pacific are associated with the negative (positive) phase of the NAO, which is related to positive (negative) SST anomalies in the TNA, which in turn are related to drier (wetter) than normal conditions in the northern NEB, for the decadal scale.
[21] On the other hand, the T-TSA Â PRP positive correlation implies that the negative (positive) SST anomalies in the TSA are related to the northern NEB reduced (increased) rainfall. In addition, the T-TSA index exhibits weak relations to the T-NINO, T-TNA, and P-NAO indices. This suggests that the decadal SST variability in the TSA is not driven by SST variations in the eastern equatorial Pacific and in the TNA or by the SLP variations in the NAO region. It is important to notice that the T-TSA Â T-TNA correlation, though negative, is not significant. This implies that although the SST decadal patterns in the TNA and in the TSA might occasionally configure a SST gradient pattern, in general, they do not relate directly to each other, as shown by Andreoli and Kayano [2004] . [22] Correlation maps between the rainfall indices and the SST and SLP anomaly time series are calculated for the PRP and NEB indices. Because of the similar features of the correlation maps for these indices and considering that the decadal analysis requires long time series, only the maps for the PRP index (or Fortaleza rainfall time series) are shown and discussed.
Correlation Maps
[23] The decadal linkages of the PRP index with the other indices, discussed above in section 3.2, are reproduced in the SST Â PRP correlation map, which shows significant values in the areas corresponding to these indices ( Figure 5 ). Negative correlations are found in the central and eastern equatorial Pacific and along the western coast of North America, and the positive ones are centered in the North Pacific and surrounding Papua/New Guinea. In the NAO region, negative correlations are observed to the southeast of Greenland, and the positive ones are observed in the western TNA north of 20°N. In the tropical Atlantic, large negative correlations are found in most of the TNA, and the positive correlations are located in the equatorial Atlantic and in the eastern TSA ( Figure 5 ). The correlation pattern in the Pacific resembles the leading decadal PDO mode for the SST previously discussed by , while that in the tropical Atlantic is similar to the SST gradient mode. These results suggest that the PDO mode for the SST in the Pacific and the SST gradient mode in the tropical Atlantic are both closely linked to the rainfall variations in the northern NEB for the decadal scale.
[24] The SLP Â PRP correlation map for the decadal scale is shown in Figure 6 . Significant negative correlations are found in the equatorial Atlantic and in the eastern TSA, and significant positive correlations are found in the central tropical North Pacific. This map also exhibits significant correlations in the NAO region with negative values over the southeastern Greenland and the adjacent north Atlantic area and the positive ones over the western North Atlantic between 45°and 15°N. The negative correlations in the TSA imply that weakened (strengthened) subtropical South Atlantic high-pressure system is associated with wetter (drier) than normal conditions in the northern NEB. The correlation pattern in the North Atlantic suggests that the relationship of the northern Atlantic SLP variations and the NEB rainfall proposed by Namias [1972] is part of the decadal variability. Significant negative correlations are also found in an extensive area including southern India and most of the Indian Ocean north of 30°S. However, these correlations might be part of a complex decadal mechanism connecting Atlantic and Indian circulation. This aspect is out of the scope of the present paper. So these correlations are not interpreted.
[25] The partial correlation maps between the rainfall index and the SST and SLP anomaly time series, while excluding the influence of the SST and P-NAO indices, are also calculated for the PRP and NEB indices. Because of the similar partial correlation maps for both indices and to be consistent with the results above in this section, only the maps for the PRP index are shown.
[26] The SST Â PRP minus T-NINO and SST Â PRP minus T-TNA partial correlation maps show similar patterns, with significant positive values in the equatorial Figure 4 . Plots of the decadal T-NINO (dashed curve), decadal T-TNA (solid curve), decadal P-NAO (dotted curve), and decadal PRP (sinusoidal curve contouring the dark areas) normalized indices. Left scale is for the SST and PRP indices, and the right scale is for the P-NAO index. [27] The outstanding feature of the SST Â PRP minus T-TSA partial correlation map for the decadal scale is the occurrence of significant negative values in an extensive area including the central and eastern Pacific, the western coast of Central and North America, and the TNA area south of 20°N (Figure 7d ). Significant values are also noted surrounding Papua/New Guinea (positive) and in the NAO region. So the negative correlations between the NEB rainfall and the SST anomaly time series in the central and eastern Pacific, in the western coast of Central and North America, and in the TNA are not affected by the SST variations in the TSA for the decadal scale.
[28] The decadal SLP Â PRP minus T-NINO and SLP Â PRP minus T-TNA partial correlation maps show quite similar features with significant negative values in the eastern TSA and in the central Indian Ocean (Figures 8a  and 8b ). So the negative relations of the NEB rainfall and the SLP anomalies in the TSA are weakly related to the SST variations in the eastern equatorial Pacific and in the TNA, for the decadal scale. For the same reason given above in this section, the correlations in the Indian Ocean are not interpreted. The decadal SLP Â PRP minus P-NAO correlation map (figure not shown), in general, shows very small magnitudes but with correlation signs consistent with those of Figures 8a and 8b . The SLP Â PRP minus T-TSA partial correlation map shows significant values in the NAO region (Figure 8c ). So the SLP decadal variability in the NAO region associated with the NEB rainfall is not affected by the SST variations in the TSA.
Concluding Remarks
[29] The decadal (9-14 year) relations of the northern northeastern Brazil (NEB) rainfall to the sea surface temperature (SST) anomalies in the oceanic sector bounded at 60°N and 30°S and to the global sea level pressure (SLP) anomalies are investigated using correlation and partial correlation analyses for the 1871 -1991 period. A careful examination of Table 1 suggests the existence of the physically meaningful sequential correlations which are the T-NINO Â P-NAO Â T-TNA Â PRP. These correlations are all negative and can be interpreted as follows: a warm (cold) PDO mode in the Pacific is accompanied by changes in the NH midlatitude atmospheric circulation, in such a way that a negative-(positive-) phase NAO is established in the North Atlantic region, consistent with Mo and Häkkinen's [2001] findings. Then, this negative-(positive-) phase NAO affects the subtropical high-pressure system and the associated low-level winds, which modulate the latent heat surface fluxes in the TNA and in the midlatitude North Atlantic region as proposed by Cayan [1992] and Czaja et al. [2002] . As a result, positive (negative) SST anomalies are established in the TNA and the Intertropical Convergence Zone (ITCZ), the main system modulating the northern NEB rainfall, located more to the north (south) than its normal position, thus creating favorable conditions to reduce (increase) rainfall over the northern NEB. These results also suggest that the relationship of the SLP variations in the NAO region and the NEB rainfall proposed by Namias [1972] is part of the decadal climate variability that connects the PDO in the tropical Pacific to the NEB rainfall through the NH midlatitudes. On the other hand, the positive correlation between the T-TSA and PRP indices implies that the negative (positive) SST anomalies in the TSA and the associated low-level winds are associated with the ITCZ located more to the north (south) than its normal position. These conditions favor drier (wetter) than normal conditions in the northern NEB.
[30] The relations of the SST (SLP) anomalies in the TSA to the northern NEB rainfall are weakly affected by the SST variations in the eastern Pacific and in the TNA and by the SLP variations in the NAO region for the decadal scale. On the other hand, the relations of the SST anomalies in the eastern Pacific and in the TNA to the northern NEB rainfall are also weakly influenced by the SST anomalies in the TSA. So the relations of the SST and SLP anomalies in the TSA to the NEB rainfall are mostly independent of the SST and SLP variability in the eastern Pacific and in the TNA, for the decadal scale. On the other hand, the SST and SLP variability in the eastern Pacific, in the NAO region, and in the TNA area is closely related to each other.
[31] The independent role of the TSA on the NEB rainfall is probably a further indication of the independent SST variability in both sides of the tropical Atlantic suggested by several authors [e.g., Houghton and Tourre, 1992; Rajagopalan et al., 1998 ]. Mélice and Servain [2003] found separated SST modes in the TNA and the TSA with strong decadal component of distinct peridiodicity of 9.6 and 14 years, respectively. In this context, Andreoli and Kayano [2004] , performing the wavelet analyses of the same SST indices for the TNA and the TSA used here, found dominant decadal peaks at 9.8 years for the T-TNA and at 12.7 years for the T-TSA. It is worth recalling that the global wavelet spectra (GWS) of the NEB and PRP indices (section 3.2) show a decadal peak at 12 years. Thus this decadal peak for the northern NEB rainfall indices is likely to reflect mostly the SST variability in the TSA. In summary, the results here suggest that the decadal variability of the northern NEB rainfall may be independently linked to the PDO/NAO/TNA decadal relations or to the SST decadal variations in the TSA. Display is the same as that in Figure 5 .
